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Twisted photon(捩光子), optical vortex(光渦)
Orbital angular momentum (OAM) of light
winding field phase ~ eim'

<latexit sha1_base64="pNw4xjOWqF57B859a7FaZIwBYiE="></latexit>

transvers 
Poynting vector

wave front
helicoid

field intensity
phase 
singularity

G. Molina-Terriza et al. 
Nat. Phys. 3, 305 (2007)

computer-generated hologram

Interference patter 
with plane wave
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Generation (and use) of twisted photons
Optical region
fork hologram, lens-based mode converter, etc.
(micro manipulation, imaging, data transmission, etc.)

Y. Shen et al., Light: Sci. & App. 8, 90 (2019)

X-ray region
helical undulator, FEL

S. Sasaki, I. McNulty, PRL 100, 124801 (2008) 
E. Hemsing et al. Nat. Phys. 9, 549 (2013)

Gamma-ray region (proposals)
backward Compton scattering

U.D. Jentschura, V.G. Serbo, PRL 106, 013001 (2011)
<latexit sha1_base64="T0XIICKvfcOEmTWwMfYADty6hpA="></latexit>

e+ �tw ! e+ �tw

nonlinear Thomson scattering
Y. Taira, T. Hayakawa, M. Katoh, Sci. Rep. 7, 5018 (2017) 
Y.-Y. Chen et al., Phys. Rev. Lett. 121, 074801 (2018) 
Y.-Y. Liu et al., Opt. Lett. 48, 395 (2020)

<latexit sha1_base64="xpYpYUhjDbH+iRx9KonmvVg0IXw="></latexit>

e+ �pw/tw + �pw/tw + · · · ! e+ �tw + · · ·
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Gamma factory E.G.Bessonov, NIMB 309, 92 (2013) 
M.W. Krasny, CERN-SPSC-2019-031; SPSC-I-253

Level splitting: Eeg
<latexit sha1_base64="8dJ6fjxO4XBIK8MG0s3OJ9U2+EI=">AAACCXicbVDNSsNAGNxUrbVarXr0slgKPZWkHvRYkILHCvYH2lI2my/t2s0mZDdiCHkCL171LbyJJ8Gn8CV8A8Ft2ktbBxaG+Wb3mx074Ewq0/w2clvbO/ndwl5x/6B0eFQ+PulKPwopdKjP/bBvEwmcCegopjj0gxCIZ3Po2bPr+bz3AKFkvrhTcQAjj0wEcxklSkvd1jiBSTouV8y6mQFvEmtJKs2a/C3lHz/b4/LP0PFp5IFQlBMpB5YZqFFCQsUoh7Q4jCQEhM7IBJIsY4qrWnKw64f6CIUzdcVHPCljz9ZOj6ipXJ/Nxf9mg0i5V6OEiSBSIOhikRtxrHw8/zB2WAhU8RgTSnXeiCidg05JSKjSxazscSEWXpAWq8PsvcQBN9urC7LW69gk3Ubduqg3bnVTLbRAAZ2hc1RDFrpETXSD2qiDKLpHz+gFvRpPxpvxbnwsrDljeecUrcD4+gMlkp4w</latexit>

binding energy of H-like ion= (Z2/n2)13.6 eV
<latexit sha1_base64="U2P9n95wkKomC2qNN42FWHOI6hg=">AAACHnicbZDLSsNAFIYn9V5vVVfiZrAUdFOTKupGEERwqWAv2NQymZ7YoZNJyJyIJRRfxY1bfQt34lZfwmdwGrtp9YeBn/+cOefweZEUGm37y8pNTc/Mzs0v5BeXlldWC2vrNR0mMYcqD2UYNzymQQoFVRQooRHFwAJPQt3rnQ3r9XuItQjVNfYjaAXsTglfcIYmahc2T3Zubit76ray6+yXD13qIjxgCrVBu1C0y3Ym+tc4I1MkI122C99uJ+RJAAq5ZFo3HTvCVspiFFzCIO8mGiLGe+wO0uzwAS2ZqEP9MDZPIc3SsT4WaN0PPNMZMOzqydow/K/WTNA/bqVCRQmC4r+L/ERSDOmQAu2IGDjKPmWcm3sThuYO3mUx42hoje3xoa+CaJAvudm8tAN+ttcAciZx/DW1StmArVwdFE/PR6jmyRbZJjvEIUfklFyQS1IlnDySZ/JCXq0n6816tz5+W3PW6M8GGZP1+QPLiKFV</latexit>

Up-conversion:
!max
f ' 2�Eeg ' 4�2!i ⇠ 0.1-1 GeV(2�/104)2

<latexit sha1_base64="lzTTp6AnZtzDJi+OiYb31YatRGI="></latexit>

heavy ion

Resonance condition:2�!i ' Eeg
<latexit sha1_base64="VznO6VPmRPwnXUQaXBUMWmSBuIc=">AAACIXicbVDLSsNAFJ34rPVVdamLwVJwVZIq6LIgBZcV7AOaEm6mN+nQmSRmJkIJ3fgrbtzqX7gTd+I/+A2maTdtvTBwOefMPYfjRoIrbZrfxtr6xubWdmGnuLu3f3BYOjpuqzCJGbZYKMK464JCwQNsaa4FdqMYQboCO+7odsp3njBWPAwe9DjCvgQ/4B5noDPIKZ3VbB+kBDuU6IPDbcUlPtKGk6I/cUpls2rmQ1cXa76UyXyaTunXHoQskRhoJkCpnmVGup9CrDkTOCnaicII2Ah8TPPsE1rJoAH1wjh7gaY5uqADqdRYuplSgh6qZW4K/sf1Eu3d9FMeRInGgM2MvERQHdJpEXTAY2RajCkwluVNQGc52BBiYDorbMHHw3Ego0mxYuf30gF6uW9WkLVcx+rSrlWty2rt/qpcb8yrKpBTck4uiEWuSZ3ckSZpEUaeySt5I+/Gi/FhfBpfM+maMf9zQhbG+PkDYA6kdw==</latexit>

!i ⇠ 1-10 eV
<latexit sha1_base64="aEZJzyP/cKW3e/bbYjcQylVfOxs=">AAACKHicbVDLSsNAFJ34rPVVdelmsAhuLIkKuiyI4FLBPsCUMpnctENnkpC5EUPIB/grbtzqX7gTt36A3+A07aatFwYO55yZc+d4sRQabfvbWlpeWV1br2xUN7e2d3Zre/ttHaUJhxaPZJR0PaZBihBaKFBCN06AKU9Cxxtdj/XOEyRaROEDZjH0FBuEIhCcoaH6tbobKRiwvnC1UNRxEZ4xPy0c26UTDO3CuOyGXQ5dBM4U1Ml07vq1X9ePeKogRC6Z1o+OHWMvZwkKLqGouqmGmPERG0BefqGgx4byaRAl5oRIS3bGx5TWmfKMUzEc6nltTP6nPaYYXPVyEcYpQsgnQUEqKUZ03Af1RQIcZUYZ52bflKHZgw9Zwjia3mZyAshCFRfVY7d8L/chKHNNQc58HYugfdZwzhtn9xf15s20qgo5JEfkhDjkkjTJLbkjLcLJC3kj7+TDerU+rS/re2JdsqZ3DsjMWD9/hbenFg==</latexit>

Z2/2� ⇠ 0.1-1
<latexit sha1_base64="cehn1jGt4Hu5eKlHw3ckJvsZEr4=">AAACIXicbVDLSsNAFJ3UV62vqktdDJaCG2tSBV0WRHBZwT6wqWUyvWmHziQhcyOW0I2/4sat/oU7cSf+g99gmnbT1gsDl3PO3HM4TiCFRtP8NjJLyyura9n13Mbm1vZOfnevrv0o5FDjvvTDpsM0SOFBDQVKaAYhMOVIaDiDqzHfeIRQC9+7w2EAbcV6nnAFZ5hAnfzh/UP5tGz3mFLM1kJRs2TZCE8Yn4ysTr5glsx06OJiTZcCmU61k/+1uz6PFHjIJdO6ZZkBtmMWouASRjk70hAwPmA9iNPsI1pMoC51/TB5HtIUndExpfVQOYlSMezreW4M/se1InQv27HwggjB4xMjN5IUfTougnZFCBzlkDLOk7wRwyQH77OQcUwKm/FxYeipYJQr2um9uAtu6psUZM3XsbjUyyXrrFS+PS9UrqdVZckBOSLHxCIXpEJuSJXUCCfP5JW8kXfjxfgwPo2viTRjTP/sk5kxfv4AMhujKw==</latexit>

�i
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�f
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|e�

|g�
ion

Rayleigh scattering by boosted ion
�i + |gi ! |ei ! |gi+ �f

<latexit sha1_base64="tAdnhgY4wS9442wc32L2mWO773c="></latexit>

E = �M
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e.g. � ⇠ 103
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Lorentz boost
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Twisted photon generation by 2γ excitation 
Excitation to a state of large angular momentum
2γ absorption

<latexit sha1_base64="GkpVSfML/GxuHy2yX6a8aeIsd5Y="></latexit>

�pw + �pw + I ! I⇤

Raman process
<latexit sha1_base64="DmW0zy6oHSshn+8xrwyxZJHRzTM="></latexit>

�pw + I ! I⇤ + �pw

Twisted photon generation in de-excitation
<latexit sha1_base64="oo0aDrVKO3OHMIP/g/AUEUGMSm8="></latexit>

I⇤ ! I + �tw

He-like ions considered

Efficient population transfer 
by Stimulated Raman Adiabatic Passage (STIRAP)
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Twisted photons from He-like ions

M2 transition dominates.
<latexit sha1_base64="9dGDOc2o7gQrLuxOwc/PtMIpLu4="></latexit>

/ Z8 heavy ions

Kr (Z=36), Xe (Z=54) studied

<latexit sha1_base64="K0TtbSHRTWoJUhQRen1DGe8IFrk="></latexit>

(1s)(2p) 3P2 ! (1s)2 1S0 + �tw
<latexit sha1_base64="0TM2VgONa33Pe5L/TdTegvF4GVI="></latexit>

(m = 2)
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+11  S  00   

M2

odd parity

+3 2  S 11    

-32  P 11   

-32  P 00    

-32  P  22   

+12  S 00       

-12  P  11   

even parity

Figure 1: Schematic diagram of He-like ion energy levels. Symbols of LS-coupling

scheme, n2S+1
LJ J

±, are used. Populations in 2 3
P2 levels decay to the ground state

via M2 transition. Not to scale.

these atomic states were represented by linear combinations of configuration state

functions, which were constructed from single-particle Dirac orbitals. The single-

particle Dirac orbitals were determined by the multi-configuration Dirac-Hartree-Fock

method, whereas the expansion coe�cients of the linear combination were calculated by

the relativistic configuration interaction method. Using the multi-configuration Dirac-

Hartree-Fock method, single-particle Dirac orbitals were obtained up to 7s,7p,7d,6f

and 6g. Treating these orbitals as active space, the relativistic configuration interaction

calculations were performed to include the Breit interaction [47], vacuum polarization

[49], and self-energy [49] e↵ects. Total of 17 electronic states as well as the amplitudes

of the E1, E2, M1 and M2 transitions among these states were calculated in this work.

The results of calculations are summarized in Table 1, and are illustrated in Figure 2.

He-like Kr He-like Xe

Label State Energy /eV ⌧ /s Energy /eV ⌧ /s

| g i 1 0+ 1s(0) 1
S0 0.000 - 0.000 -

| 1 i 1 1+ 1s 2s 3
S1 12978.4 1.749⇥10�10 30127.3 2.627⇥10�12

| 5 i 1 0� 1s 2p 3
P

o
0 13022.5 1.456⇥10�9 30210.3 5.836⇥10�10

| 3 i 1 1� 1s 2p 3
P

o
1 13025.2 2.540⇥10�15 30204.3 3.270⇥10�16

| 4 i 2 0+ 1s 2s 1
S0 13025.9 1.173⇥10�5 30212.8 8.098⇥10�7

| f i 1 2� 1s 2p 3
P

o
2 13089.9 9.571⇥10�12 30592.8 3.458⇥10�13

| 2 i 2 1� 1s 2p 1
P

o
1 13113.7 6.551⇥10�16 30628.0 1.471⇥10�16

| e i 2 1+ 1s 3s 3
S1 15394.4 8.400⇥10�14 35821.1 1.396⇥10�14

3 0+ 1s 3s 1
S0 15407.0 8.929⇥10�14 35843.8 1.462⇥10�14

2 0� 1s 3p 3
P

o
0 15407.1 2.846⇥10�14 35844.3 1.008⇥10�15

3 1� 1s 3p 3
P

o
1 15407.8 6.969⇥10�15 35845.8 5.077⇥10�15

2 2� 1s 3p 3
P

o
2 15427.1 3.038⇥10�14 35959.6 5.937⇥10�15

1 2+ 1s 3d 3
D2 15433.0 9.942⇥10�15 35968.3 1.818⇥10�15

3 1+ 1s 3d 3
D1 15433.4 9.986⇥10�15 35969.7 4.821⇥10�16

<latexit sha1_base64="0PeXRH3feGKRs7aTJl1diAvbJbY="></latexit>

(1s)2

<latexit sha1_base64="qjxnyqQcBaNhy3cge9auKQaxlOc="></latexit>

(1s)(2s)
<latexit sha1_base64="XL43/7dygq9juPVapwkx/NcX/FI="></latexit>

(1s)(2p)
<latexit sha1_base64="MWN8DkYNhvKkuRTOiXOCR5BEonw="></latexit>�tw
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Levels and transitions of He-like ions
Calculation by GRASP2018 (MCDHF+RCI)

Xe

Generation of Twisted Gamma-Rays via Two-Photon Transitions 5

4 1� 1s 3p 1
P

o
1 15434.6 2.232⇥10�15 35969.8 1.850⇥10�15

1 3+ 1s 3d 3
D3 15439.7 1.023⇥10�14 36004.5 1.955⇥10�15

2 2+ 1s 3d 1
D2 15440.3 1.019⇥10�14 36005.9 1.915⇥10�15

Table 1: Low-lying levels of He-like Kr and Xe, and their energies and lifetimes.

Ascending order in energy except | 3 i and | 5 i of Xe. The states | i i (i = g, e, f, 1 · · · 5)
are considered in the simulation study.

1 1

Figure 2: Low-lying energy levels of He-like Kr (left) and Xe (right). Major radiative

transitions are indicated by arrows (E1 by solid, M1 by dashed, and M2 by dash-dotted

lines) together with A-coe�cients (powers of 10).

Photo-ionization cross section

To estimate the fraction of ionization caused by the laser used in the experiment,

photoionization cross sections of He-like ions were calculated by using the RATIP

programs[50]. The wavefunctions of the ions used in the photoionization calculation

were basically the same as described just above. The results of calculations, relevant to

our present studies, are summarized in Table 2.

2.3. Population transfer by Raman process

The technique of stimulated Raman adiabatic passage (STIRAP) is now a well

established one: it allows e�cient and selective population transfer between quantum

states without su↵ering loss due to spontaneous emission [44]. As illustrated by the

thick solid arrows in Figure 3, two lasers (pump and Stokes) are irradiated to stimulate

transitions from the ground state | g i = | 1 1
S0 i to the final state | f i = | 2 3

P2 i via the

Kr

<latexit sha1_base64="4NHtTojACXR5U9ZXfMep4DYVdwM="></latexit>

(1s)2

<latexit sha1_base64="+gKl7FZyggmfQVUqnYxugfvsnOA="></latexit>

(1s)(3s)

<latexit sha1_base64="jMZGdpmP2RKX11OG227zNHbH5CM="></latexit>

(1s)(2p)

<latexit sha1_base64="MWN8DkYNhvKkuRTOiXOCR5BEonw="></latexit>�tw

<latexit sha1_base64="RS8lxyZ4TKeHdl4f4JQLYv20t7k="></latexit>

E�tw = 65.4 MeV (�ion = 2500)
<latexit sha1_base64="acNDSI7MKrEx2JiPE4i0DmWMWC4="></latexit>

E�tw = 306 MeV (�ion = 5000)
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Excitation scheme by STIRAP

<latexit sha1_base64="Djo59IGXOQ4wsk/c863YTztmSE4="></latexit>

|gi = (1s)2 1S0

<latexit sha1_base64="MsM7dJV+9j2fT+90/6XpLctVe6A="></latexit>

|ei = (1s)(3s) 3S1

<latexit sha1_base64="gEcL0ZTQO1LuBX7A3uWfsG/BYqM="></latexit>

|fi = (1s)(2p) 3P2

pump Stokes

M1
E1

Generation of Twisted Gamma-Rays via Two-Photon Transitions 8

components and their constants are taken as follows:

�ge =
1

2
�(tot)
e , �gf =

1

2
�(tot)
f

�fe =
1

2

⇣
�(tot)
e + �(tot)

f

⌘
. (5)

The terms �(pi)
i (i = e, f, 1, · · · , 5) need special attention. These terms represent a

photo-ionization e↵ect due to absorption of additional laser photons. The ionization

rate is expressed by

�(pi)
e = �

(pi)
es

Is(t)

~!s
+ �

(pi)
ep

Ip(t)

~!p
,

�(pi)
i = �

(pi)
ip

Ip(t)

~!p
(i = f, 1, · · · , 5), (6)

where �(pi)
ip or �(pi)

is denotes the photo-ionization cross-section of the state | i i by pump or

Stokes lasers, Ip,s(t) the laser intensity, and
Ip,s(t)

~!p,s
the photon number flux (!p,s = ckp,s).

We note that the energy of Stokes laser photons is below the photo-ionization threshold

except for | e i. We also note that since | e i is the lowest among the n = 3 states, there

is no decay path going through them.

Table 3: Rabi frequency for unit input power Iin = 1 W/mm2 (in the ion-at-rest frame).

Transitions Type Kr [s�1] Xe [s�1]

⌦p | g i ! | e i M1 5.570⇥ 104 1.276⇥ 105

⌦s | e i ! | f i E1 3.935⇥ 107 2.882⇥ 107

3. Simulation Results

3.1. Overview of the simulation results

We first describe a basic parameter set used in the simulation. See Table 5 (note that

values are all in the laboratory frame). The Lorentz boost factor �ion is assumed to be

�ion = 2500 for Kr and �ion = 5000 for Xe. These choices are made so that wavelengths

of input lasers fall into a convenient region (visible or infrared). Assuming that an ion

beam has a bunching time structure in a ring accelerator, we use pulsed lasers for both

pump and Stokes. The time profiles are assumed to be Gaussian, and are expressed by

Ip,s(t) = Ip,s(0) exp

✓
�(t⌥ td)2

2�2
L

◆
, (7)

where �L denotes a root-mean-square width and td a time di↵erence between the two

pulses (the Stokes precedes the pump by 2td). We call td a laser delay time for

convenience. The width �L and delay time td are taken to be 1 nsec and 0.5 nsec,

Rabi freq. for 1W/mm2
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Figure 4: Rabi frequency profiles vs time t in the ion-at-rest frame for Kr (left) and Xe

(right). The pump (⇥102, in black solid) and Stokes (in red dashed). See Table 5 for

the parameters used.

3.2. Main simulation results

We now show our simulation results using Kr ions as a prime example. Figure 5 (left)

shows time variation of populations of the excited state | e i, the final state | f i, and
the state | 1 i = | 23S1 i. Note that t in this figure (and also the following figures)

represents the time in the ion-at-rest frame. As seen, a sizable fraction is transported to

| f i although excitation to | e i is non-negligible. The intermediate state | 1 i increases
gradually because it is mainly generated through | f i. See Figure 2 and/or Table 4. The
decay from | f i to the ground state | g i occurs quickly, and gives the twisted gamma-

rays (signal events). Figure 5 (right) shows the time variation of the other populations,

| 2 i ⇠ | 5 i: they are found to be at least two order of magnitude smaller than that of

| f i.
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Figure 5: Variation of populations as a function of time t in the ion-at-rest frame (Kr).

(left) ⇢ff ⇥105 (solid magenta), ⇢11⇥106 (dashed black), ⇢ee⇥106 (dotted blue). (right)

⇢22 ⇥ 1010 (solid magenta), ⇢33 ⇥ 109 (dashed blue), ⇢44 ⇥ 1012 (dotted black), ⇢55 ⇥ 107

(dash-dotted brown). See Table 5 (Kr) for the parameters used.

Kr
pulse profile

pump, Stokes: opposite circular pol. 
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Outline of numerical calculation
<latexit sha1_base64="gEcL0ZTQO1LuBX7A3uWfsG/BYqM="></latexit>

|fi = (1s)(2p) 3P2

<latexit sha1_base64="P9gqEHdHYMN6u8lQiaNulCjgLSo="></latexit>

|gi = (1s)2 1S0 ,
<latexit sha1_base64="/RmvS/vKSpIN27ddHNgnzEqPdts="></latexit>

|ei = (1s)(3s) 3S1 ,

and all other (1s)(2s) and (1s)(2p) states involved
photo-ionization included

Generation of Twisted Gamma-Rays via Two-Photon Transitions 9

Table 4: Radiative transitions used in the simulation

He-like Kr He-like Xe

Transitions Type Energy/eV �/s�1 Energy/eV �/s�1

| e i ! | g i M1 15394 2.469⇥ 109 35821 1.633⇥ 1011

| e i ! | f i E1 2305 6.891⇥ 1012 5228 4.317⇥ 1013

| e i ! | 1 i M1 2416 4.066⇥ 106 5694 2.936⇥ 108

| e i ! | 2 i E1 2281 8.444⇥ 1011 5193 7.705⇥ 1012

| e i ! | 3 i E1 2369 2.927⇥ 1012 5617 1.388⇥ 1013

| e i ! | 4 i M1 2369 2.289⇥ 106 5608 1.603⇥ 108

| e i ! | 5 i E1 2372 1.241⇥ 1012 5611 6.701⇥ 1012

| f i ! | g i M2 13090 9.309⇥ 1010 30593 2.554⇥ 1012

| 1 i ! | g i M1 12978 5.719⇥ 109 30127 3.806⇥ 1011

| 2 i ! | g i E1 13114 1.526⇥ 1015 30628 6.798⇥ 1015

| 3 i ! | g i E1 13025 3.936⇥ 1014 30204 3.058⇥ 1015

| f i ! | 1 i E1 112 1.139⇥ 1010 465 3.374⇥ 1011

| 4 i ! | 3 i E1 13026 8.385⇥ 104 30213 1.192⇥ 106

| 5 i ! | 1 i E1 0.7 6.866⇥ 108 8.5 1.714⇥ 109

respectively. The peak intensity Ip(0) and Is(0) are assumed to be equal and are 400

kW/mm2. With the laser spot size of 1 mm2, the laser’s total pulse energies amount

to 1 mJ per pulse for each. The pump laser detuning � is taken to be 5 times �(tot)
e ,

and the two-photon detuning is set to � = 0. The Rabi frequency profiles, calculated

according to Equation (4) are shown in Figure 4. In the following section, we assume

the transverse ion beam size matches with the laser spot size (i.e. less than 1 mm2).

Table 5: Basic parameter set used in the simulation.

Parameter Symbol Kr Xe units

Lorentz boost factor �ion 2500 5000 -

Pump laser wavelength �p 403 346 nm

Pump laser intensity Ip(0) 4⇥ 105 4⇥ 105 W/mm2

Stokes laser wavelength �s 2690 2371 nm

Stokes laser intensity Is(0) 4⇥ 105 4⇥ 105 W/mm2

Laser pulse width �L 1.0 1.0 nsec

Laser pulse delay td 0.5 0.5 nsec

Pump laser detuning � 5 5 �(tot)
e

Two-photon detuning � 0 0 �(tot)
e

(Values are all in the laboratory frame.)

Optical Bloch Equation

Generation of Twisted Gamma-Rays via Two-Photon Transitions 7

Wp

Ws

gsiggbg

f

g

e

ionized state

-1 5

D

d

Figure 3: Levels and processes relevant to the STIRAP simulation. The major levels

are | g i = | 1 1
S0 i, | e i = | 3 3

S1 i, and | f i = | 2 3
P2 i. The thick solid arrows indicate

the main path for generating �sig. ⌦p(⌦s) denotes Rabi frequency of the pump (Stokes)

laser, and � (�) is pump laser (two-photon) detuning. The dashed line represents

the spontaneous radiative decays and the dash-dotted ones indicate photo-ionization

processes. See Table 1 for the levels labeled by Arabic numerals.

d⇢ff

dt
= �<

⇣
i⌦s⇢

⇤
fe

⌘
+ �ef⇢ee �

⇣
�(tot)
f + �(pi)

f

⌘
⇢ff

d⇢ge

dt
+ i�⇢ge =

i

2

⇣
⌦s⇢gf + ⌦p(⇢gg � ⇢ee)

⌘
� �ge⇢ge

d⇢gf

dt
+ i�⇢gf =

i

2

⇣
⌦⇤

s⇢ge � ⌦p⇢
⇤
fe

⌘
� �gf⇢gf

d⇢fe

dt
+ i(�� �)⇢fe =

i

2

⇣
⌦p⇢

⇤
gf + ⌦s(⇢ff � ⇢ee)

⌘
� �fe⇢fe

d⇢ii

dt
=

⇣
�ei⇢ee + �ji⇢jj

⌘
�

⇣
�ig + �ij + �(pi)

i

⌘
⇢ii, (i, j) = (1, · · · , 5) (3)

where ⇢ii (⇢ij) denotes the population of the state | i i (coherence between | i i and

| j i), and �(tot)
i (�ij) is the corresponding total (partial) width. The actual values of

1/�(tot)
i (i.e. lifetime) and �ij are specified in Table 1 or in Table 4. Using Equation (9)

in Appendix, the Rabi frequencies are given by

⌦p(t) =
eEp(t)

~

s
3�eg

4 c↵k3
p

,

⌦s(t) =
eEs(t)

~

s
9�ef

20 c↵k3
s

, (4)

where Ep (Es) denotes the magnitude of the pump (Stokes) laser field with wavenumber

kp (ks) and ↵ ' 1/137 is the fine structure constant. Table 3 shows the Rabi frequencies

for an unit input power Iin = 1 W/mm2. As seen, there is a large imbalance between

⌦p and ⌦s.

The transverse decay (decoherence) are assumed to stem from longitudinal
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Results (Kr)
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Figure 4: Rabi frequency profiles vs time t in the ion-at-rest frame for Kr (left) and Xe

(right). The pump (⇥102, in black solid) and Stokes (in red dashed). See Table 5 for

the parameters used.

3.2. Main simulation results

We now show our simulation results using Kr ions as a prime example. Figure 5 (left)

shows time variation of populations of the excited state | e i, the final state | f i, and
the state | 1 i = | 23S1 i. Note that t in this figure (and also the following figures)

represents the time in the ion-at-rest frame. As seen, a sizable fraction is transported to

| f i although excitation to | e i is non-negligible. The intermediate state | 1 i increases
gradually because it is mainly generated through | f i. See Figure 2 and/or Table 4. The
decay from | f i to the ground state | g i occurs quickly, and gives the twisted gamma-

rays (signal events). Figure 5 (right) shows the time variation of the other populations,

| 2 i ⇠ | 5 i: they are found to be at least two order of magnitude smaller than that of

| f i.
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Figure 5: Variation of populations as a function of time t in the ion-at-rest frame (Kr).

(left) ⇢ff ⇥105 (solid magenta), ⇢11⇥106 (dashed black), ⇢ee⇥106 (dotted blue). (right)

⇢22 ⇥ 1010 (solid magenta), ⇢33 ⇥ 109 (dashed blue), ⇢44 ⇥ 1012 (dotted black), ⇢55 ⇥ 107

(dash-dotted brown). See Table 5 (Kr) for the parameters used.

Kr

<latexit sha1_base64="3mG5OX/9sZyjciLiTsAE1dD7g7Y="></latexit>

|1i = (1s)(2s) 3S1

<latexit sha1_base64="0zU3jHRc6p8Vc5MR7SUWXq9Qifw="></latexit>

|fi

<latexit sha1_base64="zgGzWFfUgg1pChZVKCAa5C6rrLc="></latexit>

|ei

Population
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Now we discuss about more important quantities such as signal or background

production probability (or “event rate” for simplicity). The solid magenta line in

Figure 6 shows the probability of signal events integrated up to time t. It increases

gradually with a time constant nearly equal to the lifetime of | f i. Photons from the

intermediate states | 1 i ⇠ | 5 i decaying to the ground state | g i have similar energies

with the signal, and may constitute undesirable background events (though it depends

on actual experimental conditions). The dashed black line in Figure 6 shows the total

probability summed over all contributions from | 1 i ⇠ | 5 i ‡. A step-function-like

increase near t = 0 is due the short-lived states of | 2 i = | 21P1 i and | 3 i = | 23P1 i
while more gradual increase is mainly by | 1 i. Note that since | 1 i has a longer life

time than | f i, it is still increasing at t = 40 psec. If we can bend the ion beam in the

accelerator quickly enough, some of these background events would be directed away

from an experimental area. In this paper, we evaluate the background events (and also

the signal) at t = 40 psec: this choice assumes that a bending section starts at 30 m

downstream of the interaction (straight) section in the laboratory. With this definition,

the signal and background rates are about 2.3⇥10�5 and 1.3⇥10�6, respectively, giving

the background-to-signal ratio (B/S) of 5.6%.
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Figure 6: Event probability integrated up to time t. Signal (⇥105, solid magenta),

background (⇥106, dashed black), and ionization (⇥109, dotted blue). See Table 5 (Kr)

for the parameters used.

We next consider a photo-ionization e↵ect, which is potentially serious because once

ions are ionized (forming H-like ions) they are most likely lost from the accelerator. The

dotted blue line in Figure 6 shows probability of photo-ionization loss summed over all

possible channels. We see the loss rate amounts to 6.9 ⇥ 10�10, which is found to be

dominated by �
(pi)
es , the photo-ionization process from | e i by the Stokes laser photons.

Whether this value is tolerable or not depends on an employed acceleration scheme. To

get a feeling, we assume that it takes 10�4 sec for the ions to circle around the accelerator

‡ A direct decay from
�� e

↵
to

�� g
↵
is another source of backgrounds. It is neglected, however, because

its contribution is less than 10�3 of those mentioned above. In addition, the resultant �-ray energy
di↵ers significantly from that of the signal.

Signal, background, photo-ionization

BG photons:  
 from other 2s, 2p to 1s
B/S=5.6 %

Kr

Ion beam lifetime due to 
photo-ionization~105 sec. 
(A ring of 30 km  
 circumference asuumed)



Minoru TANAKA
12

Results (Xe)
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1.1⇥ 10�9. The most significant di↵erence between Xe and Kr is the resulting gamma-

ray energies; 306 MeV for Xe and 65.4 MeV for Kr. Incidentally, we note that there

exists interesting di↵erence between Xe and Kr in their signal and/or background time

profile. See Figure 6 and Figure 11. In the case of Xe, the signal appears within a few

psec after colliding with laser photons while the backgrounds grow more slowly. More or

less the opposite is true in the case of Kr. This feature may be utilized in experiments

to study di↵erences or characters of the signal and backgrounds.
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Figure 10: Variation of populations as a function of time t in the ion-at-rest frame (Xe).

See Figure 5 for the symbols, and Table 5 (Xe) for the parameters used.
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Figure 11: Event probability integrated up to time t. See the caption of Figure 6 for

the symbols, and Table 5 (Xe) for the parameters used.

4. Discussions and Summary

In this paper, we presented a new method of generating high-energy gamma rays with

orbital angular momentum (OAM). It utilizes partially-stripped ions (PSIs) as an energy

converter: accelerated PSIs absorb two photons and emit a photon with OAM. When

initial PSIs have Lorentz boost factor of �ion, then the frequency of photons emitted

Population
Xe
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Signal, background, photo-ionization

BG photons:  
 from other 2s, 2p to 1s
B/S=19.2 %
Ion beam lifetime due to 
photo-ionization~105 sec. 
(A ring of 30 km  
 circumference asuumed)
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1.1⇥ 10�9. The most significant di↵erence between Xe and Kr is the resulting gamma-

ray energies; 306 MeV for Xe and 65.4 MeV for Kr. Incidentally, we note that there

exists interesting di↵erence between Xe and Kr in their signal and/or background time

profile. See Figure 6 and Figure 11. In the case of Xe, the signal appears within a few

psec after colliding with laser photons while the backgrounds grow more slowly. More or

less the opposite is true in the case of Kr. This feature may be utilized in experiments

to study di↵erences or characters of the signal and backgrounds.
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Figure 10: Variation of populations as a function of time t in the ion-at-rest frame (Xe).

See Figure 5 for the symbols, and Table 5 (Xe) for the parameters used.
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Figure 11: Event probability integrated up to time t. See the caption of Figure 6 for

the symbols, and Table 5 (Xe) for the parameters used.

4. Discussions and Summary

In this paper, we presented a new method of generating high-energy gamma rays with

orbital angular momentum (OAM). It utilizes partially-stripped ions (PSIs) as an energy

converter: accelerated PSIs absorb two photons and emit a photon with OAM. When

initial PSIs have Lorentz boost factor of �ion, then the frequency of photons emitted

Xe
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Summary
■Twisted gamma-ray from accelerated He-like ion 
STIRAP

<latexit sha1_base64="UJUT09BJU/GdMqZ9MY3b3P4zt1k="></latexit>

(1s)2 1S0 ! (1s)(2p) 3P2 , M2 de-excitation
■Signal 65.4(306) MeV for Kr(Xe) of boost 2500(5000)

<latexit sha1_base64="brjmFmxSIFoltGj1gklZGsDcpyQ="></latexit>

Cring = 30 km
<latexit sha1_base64="BpjtnUSJPZkPP1Wzz9YGj/bCS4M="></latexit>

109 ions/bunch !
<latexit sha1_base64="bhtKrOoM1A9ZZhkJbskKDM7V0bM="></latexit>

2.3(5.8) ⇥ 10
8
Hz/bunch

■BG and ionization loss
<latexit sha1_base64="YHUK86zjCWXr5hhEaO319fVwvro="></latexit>

B/S = 5.6(19.2)% , loss fraction = 6.9(11)⇥ 10�10

■Prospects
Physics applications: nuclear, astro, plasma etc.
Comparison with electron beam


